D
endritic cells (DC) are a minor but important population of hemopoietic cells. The primary function of DC is the capture and processing of antigen, followed by presentation of antigenic peptides during activation of T cells (1, 2) . DC develop different characteristics to fulfill different roles in the stimulation of an immune response. Immature DC function in the uptake and processing of antigen by macropinocytosis (3), phagocytosis (4) , and absorptive endocytosis mediated by receptors, including mannose receptors (3), DEC-205 (5), and Fc receptors (FcR) (6) . These cells express only low levels of major histocompatibility complex class II (MHCII) molecules on their surface, whereas abundant intracellular MHCII is present within specialized endocytic compartments, as part of an efficient antigen-processing system (7, 8) . Mature DC lose capacity for antigen capture and processing and function to present antigen to T cells. They possess long cytoplasmic processes for cell interaction (8) and have up-regulated expression of MHCII for peptide presentation (7, 8) and increased expression of the costimulatory molecules CD80 (9) and CD86 (10) .
The study of DC development and function has been difficult because of the low numbers of DC present in vivo and the lack of DC-specific markers. A long-term culture (LTC) system that supports hemopoiesis has been developed from murine spleen that continuously produces nonadherent DC (LTC-DC), in the absence of exogenous growth factors, including granulocyte͞ macrophage colony-stimulating factor (11) (12) (13) . The production of LTC-DC appears to depend on the maintenance of small progenitor cells carried through many passages of cultures. This process involves transfer of both stromal cells and nonadherent hemopoietic cells (14) .
Expression of lineage-specific cell surface markers for myeloid cells, T and B lymphocytes, and granulocytes has been monitored as LTC develop. Established LTC do not produce lymphoid cells, granulocytes, or monocytes͞macrophages (11) (12) (13) . Production of cells expressing markers associated with DC, including CD11c, CD11b, DEC-205, and 33D1, has been shown to continue for up to 7 years for some LTC (14) . The antigenpresenting capacity of cells produced in LTC has been confirmed at numerous time points (14) . LTC-DC can stimulate both allogeneic and syngeneic naive T cells as well as present antigen to antigen-specific T helper cells (11, 15) . In this report, surface marker expression, function, and differentiative capacity have been used to characterize two major DC subsets produced in LTC. Furthermore, the small subset contains progenitors that generate the large DC produced in LTC.
Materials and Methods
Animals. B10.A(2R) (2R) and C57BL͞6J (B6) mice were bred at the John Curtin School of Medical Research, Canberra, Australia, under specific pathogen-free conditions. 2R-derived LTC were used in most experiments.
Establishment of LTC from Murine Spleen. Cultures were established and maintained in supplemented DMEM from 6-to 8-week-old female mice as described in detail previously (15) . They contain a stromal cell layer of fibroblasts and endothelial cells. Foci of hemopoietic cells develop on the top of stromal cells. Nonadherent DC are shed from foci into the medium and can be collected for assay at medium change. Between 0.5 and 1.0 ϫ 10 6 nonadherent cells can be collected from each flask after 48 h of growth. LTC are passaged by transferring both stromal cells and nonadherent hemopoietic cells to a new flask every few months. It is essential to maintain a population of small cells after medium change to maintain production of hemopoietic cells in LTC.
Cells produced in LTC were routinely characterized by fluorescence-activated cell sorter (FACS) analysis by using forward light scatter (FSC) and side light scatter (SSC), reflecting cell size and cell complexity. These were recorded on linear and logarithmic scales, respectively. Flow cytometric analysis was performed on a FACSort (Becton Dickinson) by using CELLQUEST software (Becton Dickinson).
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. Before staining, LTC cells were incubated for 7 min on ice with crystal violet (2 mg͞ml of saline) to quench background autofluorescence and then washed three times with 1.5 ml of PBS͞0.1% NaN 3 . For staining, LTC-DC were incubated with 10 l of FcR block (anti-CD16͞32; 2.4G2, rat IgG2b; PharMingen) for 15 min on ice before the addition of antibody. FcR block was not used before treatment with fluorescent-labeled goat anti-rat or goat anti-hamster because of cross-reactivity. Specific antibody (or isotype control antibody) then was absorbed to cells in a 100-l volume for 30 min on ice. Cells were washed once by using an underlay of 600 l of FCS and centrifugation at 300 ϫ g for 10 min and then twice more by resuspension in 1 ml of DMEM͞1% FCS͞0.1% NaN 3 and centrifugation at 300 ϫ g for 5 min. The same procedure was repeated for the addition of a labeled second-stage reagent. This was followed by a single wash with 1 ml of ice-cold PBS͞0.1% NaN 3 , resuspension in 300-500 l of PBS͞0.1% NaN 3 , and immediate FACS analysis. For two-color staining, the same incubation and washing procedure was repeated for the addition of 100 l of the second-stage specific antibody and fluorescent-labeled conjugate. Isotype control antibodies were used in all experiments. Cells labeled with fluorescent conjugate alone served as controls to delineate autofluorescence background.
Fluorescence analysis was performed on the FACSort by using CELLQUEST software. Quadrants based on background controls were used to distinguish positive-from negative-staining cells.
Analysis of Endocytic Capacity of LTC-DC.
Protein uptake by nonadherent LTC-DC was assayed by using nonadherent cells pulsed with FITC-conjugated ovalbumin (OV-FITC; Sigma) at a final concentration of 100 g͞ml in 50% supplemented DMEM͞50% LTC conditioned medium. Cells then were incubated at 37°C for various lengths of time up to 24 h. Control cells were incubated with OV-FITC at 4°C. At various times, protein uptake was halted by the addition of ice-cold PBS͞0.1% NaN 3 . Cells then were washed three times with PBS͞0.1% NaN 3 and analyzed immediately by FACS. Untreated cells also were used as controls.
Stroma from LTC Supports Development of DC Progenitors. Stromal cell cultures were established from LTC that no longer produce hemopoietic cells. These comprise a mixture of fibroblasts and endothelial cells and are passaged by scraping and transferring a section of stroma into a new flask containing fresh medium. When used to support hemopoietic cell growth, stromal LTC were washed three times with Puck's Ca-and Mg-free saline to remove any nonadherent cells, irradiated (20 Gy from a cesium-137 source), resuspended in supplemented DMEM, and incubated for 2 h at 37°C before FACS-sorted LTC-DC were transferred onto the stroma. Control flasks in which only medium was added to the irradiated stroma were checked for endogenous cell replication. They produced no LTC-DC over the course of experiments. Nonadherent LTC cells were sorted into small-and large-cell subsets on a FACStar (Becton Dickinson) by using gates based on FSC and SSC. Cultures established in this way were analyzed for changes in cell composition over time.
Results

Nonadherent Cells Produced in LTC Represent Two Major Subsets.
Nonadherent cells produced in many B 6 -and 2R-derived LTC maintain a constant light scatter profile by FACS analysis of FSC and SSC. By nature, LTC contain a small amount of debris because of cell turnover and death that can be removed at medium change. After exclusion of debris, two distinct cell populations are distinguishable by FSC and SSC (Fig. 1A) . The large-cell population represents very large DC with cytoplasmic extensions. Cells are very complex, because of the nature of the membrane and the presence of lysosomes and endosomes in the cytoplasm. The small-cell population has a FSC that is approximately 3-fold lower and a SSC which is 8-fold lower than the large-cell population. In both B 6 -and 2R-derived LTC, the small-cell subset contributes approximately one-third of the total nonadherent cell population (Fig. 1B) .
Large Cells Produced in LTC Express DC Markers. Two-color staining was used to identify differences in marker expression between cells of the small and large subsets. CD11c was used as the main DC marker, because it is strongly expressed by DC and particularly by splenic DC (16, 17) . A majority of large LTC-DC express CD11c on their surface (70-80%) (Fig. 2) . In addition, these large CD11c ϩ cells stain uniformly with antibody specific for CD11b (71%) and DEC-205 (67%), both well characterized DC markers (5, 18, 19) (Fig. 2) . Many CD11c ϩ cells also express moderate levels of CD86 (46%), whereas a majority are negative or only weakly positive for MHCII (28%). A small subset (2.5%) expresses high levels of MHCII. Cells in the large LTC-DC subset resemble DC because cells are very large and complex and coexpress a number of DC cell surface markers including CD11c, CD11b, DEC-205, and CD86.
The small-cell subset is more heterogeneous with respect to DC marker expression. CD11c is weakly expressed and more variable on small compared with large LTC-DC (Fig. 2) . CD11c and DEC-205 are expressed together on 15% of cells. Approximately 60% of small cells express CD11b, and half of these are Maturation status of cells in the small-vs. large-cell subset was assessed by using antibodies specific for MHCII, CD80, and CD86 because these markers are known to be up-regulated on more mature DC at the antigen-presenting stage (6, 7, 9, 10). Expression of FcR was considered because it has been observed on immature, antigencapturing DC (6) . Cells also were stained for c-kit, a marker of early hemopoietic cells (20) . Murine fetal liver-derived lin Ϫ ckit ϩ hemopoietic progenitor cells have been shown to develop into DC (21) .
Cells of the large subset are clearly positive for CD80 and show moderate, but homogeneous, expression of CD86, FcR, and c-kit (Fig. 3) . Most large cells show negative to low expression of MHCII; however, a small but consistent subpopulation (2.5%) expressing high levels could represent mature DC (Fig. 2) . The small-cell subset uniformly expresses CD80 but not CD86 (Fig.  3) . Subpopulations of small cells express low levels of MHCII, FcR, and c-kit. Large cells appear to represent immature DC because the majority show low to moderate expression of MHCII and CD86 and express FcR and c-kit. A high proportion of small cells lack each of the above markers. Only CD80 is expressed by most small cells.
The endocytic capacity of small and large cells was compared to investigate further the maturity of cells in each subset, because endocytosis is associated with the immature DC stage of antigen capture (22) . Antigen uptake was assayed by pulsing cells with OV-FITC for various lengths of time up to 24 h, followed by FACS analysis. (Fig. 4A) . The fluorescent intensity of FITC ϩ large cells is much greater than that of the few (16%) FITC ϩ cells of the small subset, indicating that the large cells are able to endocytose more of the labeled protein than small cells. In addition, uptake of OV-FITC by the small cells is due to the presence of a minor subset of endocytic cells rather than a lower endocytic capacity across the whole population. The number of OV-FITC ϩ large cells increases rapidly in the first 3 h and reaches a peak at 12 h, with an average of 92 Ϯ 3% OV-FITC ϩ cells over three experiments (Fig. 4B) . Experiments were performed to test whether cells within the small-cell subset are progenitors of large cells within LTC. This model is consistent with observations on the need to maintain small cells at passage of cultures to maintain continuous DC production. Nonadherent LTC-DC were collected and sorted into small-and large-cell subsets by using flow cytometry. Separated small-cell (1.3 ϫ 10 5 ) or large-cell (2.2 ϫ 10 5 ) populations then were transferred with fresh medium onto irradiated LTC stromal monolayers. Irradiation of stromal monolayers has been used previously to ensure that endogenous cells are not produced during the experiment (23) . The proliferation and differentiation of transferred cell subsets then was monitored over time by using light microscopy and FACS analysis.
Over the first 4-5 days of culture no changes were observed in the number of small cells present on stromal layers. After 1 week, several colonies of cells were observed to form on stromal layers in flasks seeded with small cells. The development of one of these colonies was photographed over a period of 18 days, from day 8 to day 26 of culture ( Fig. 5) . By day 8, some small cells in the colony had adopted a size equivalent to that of large cells. An increase in the number of cells within colonies over time indicated that cells were proliferating. Some cells also had developed cytoplasmic extensions and increased cytoplasmic granularity. By 19 days, there was a dramatic increase in the number of cells produced in culture. This was associated with a more even distribution of DC-like cells over the stroma, rather than localization of cells in separate colonies as noted initially. Increase in cell number at day 19 coincided with release of nonadherent cells into the supernatant. The same developmental progression was observed in a repeat experiment, although cells were produced at a faster rate, with confluent DC growth occurring at 12-14 days after establishment. Throughout experimentation no cell growth was detected in control flasks replenished with supplemented DMEM only (Fig. 5f ). However, after 2-3 weeks, some stromal cell death caused by irradiation was observed in all flasks and affected overall yields of nonadherent cells in LTC. Fig. 6 compares the FSC and SSC of the original starting population of small cells at day 0, with nonadherent cells collected from the same culture at 19 days. By this time, the small-cell subset had developed into two populations of small and large cells as detected in primary LTC (Fig. 1) . Small-and large-cell subsets also were analyzed for expression of CD11c and CD86. At day 19, large cells expressed high levels of both markers on their cell surface. Only a subpopulation of day 19 small cells expressed CD11c and CD86. The population generated resembled primary LTC with small-and large-cell subsets, except that large LTC-DC expressed higher levels of CD86 than observed in primary LTC (Fig. 3) .
When nonadherent large LTC-DC were transferred to irradiated stroma, cells survived for at least 4 weeks and were observed to increase in size over that time (data not shown). Large LTC-DC maintained expression of CD11c and CD86. A small increase in cell number was noted, but there was no other evidence that large LTC-DC were replicating. After 3-4 weeks, the FSC and SSC profile indicated that cell death was occurring. This may be due to breakdown in stromal cells after radiation. There was no evidence of a small subset forming over the 3-to 4-week period of the experiment.
Discussion
The nonadherent cell population in established LTC comprises two major subpopulations that differ in size and complexity. The size of each subset has remained constant over time, between individual LTC and across different mouse strains. It has remained constant after establishment of multiple LTC by passage of a mixture of stromal and nonadherent cells. Previous studies have shown the importance of maintaining small hemopoietic cells in LTC to perpetuate LTC-DC production (11, 12) . The constant presence of these two subsets within LTC suggests that they are integral to the structure and continuation of the LTC system and that the small subset may contain progenitors of the large-cell subset. Cell surface marker analysis and cell transfer experiments have been important in confirming this hypothesis. Previously, it has been difficult to quantitate expression of cell surface markers on LTC-DC because of the high autofluorescence associated with very large cells. Two-color FACS analysis of LTC cells is now possible because of the development of a quenching method to reduce background autofluorescence (24) .
Small and large LTC-DC subsets have been examined for coexpression of DC markers. The majority of large LTC-DC express CD11c as well as CD11b and DEC-205. They express moderate levels of CD86 and negative to low levels of MHCII. The uniform expression of DC markers by the large-cell subset, in combination with their morphology and potent antigenpresenting capacity (14) , confirms that LTC produce a homogeneous population of large DC. This has been demonstrated for many LTC and over a period of several years. In contrast, the small-cell subset is much more heterogeneous. Small cells do not morphologically represent typical DC, and at least 50% of cells in the small subset lack expression of two or more DC markers. Subpopulations of small cells express CD11c, CD11b, DEC-205, and MHCII, but at lower levels in comparison with large LTC-DC.
The functional capacity of DC has been well defined in terms of maturation. Immature DC possess characteristics, such as FcR expression (6) and high endocytic capacity (22, 25) , which facilitate efficient antigen capture. Mature DC have high expression of MHCII (6) (7) (8) and the costimulatory molecules, CD80 (9) and CD86 (10), allowing them to successfully stimulate T cells. The LTC system produces cells that resemble immature DC, with functional capacity reflecting early stages in DC maturation. Large LTC cells consistently express moderate levels of FcR and the early hemopoietic marker, c-kit. CD80 expression is high, CD86 is uniformly expressed at relatively lower levels, and MHCII is present in low levels on a majority of cells. This is consistent with immature DC, which are not yet capable of optimal T cell stimulation. The high endocytic capacity of large LTC-DC is also consistent with an immature DC phenotype. The small subpopulation (2.5%) of CD11c ϩ large cells that express very high levels of MHCII could represent a terminally mature subset of cells produced within LTC that are less endocytic but more efficient in T cell activation via MHCII.
The small-cell subset is heterogeneous, comprising cells that differ in stage of development and͞or maturation, as demonstrated by variable size and complexity, endocytic activity, and expression of markers. Cells of the small subset are less differentiated than large LTC-DC. The small-cell subset contains a DC progenitor population that can regenerate the population of large, immature DC. Upon transfer to an irradiated stromal layer, small cells proliferate and differentiate into cells resembling those of the large-cell population produced in LTC. Increases in cell number over time demonstrate the ability of cells in the small subset to divide. Differentiation is indicated by increases in size, acquisition of dendrites, and up-regulation of expression of CD11c and CD86 on cells that were CD11c Ϫ/lo , CD86 Ϫ when transferred onto stromal layers. This result clearly demonstrates the existence of a DC progenitor population maintained in spleen stroma-dependent LTC. Previous studies have investigated the possibility that LTC support a multipotential hemopoietic stem cell (HSC) population (26) . This does not appear to be the case, although the presence of a very small number of HSC cannot be ruled out. Any progenitors or precursors contained within LTC appear to be committed to the DC lineage (26) . This was confirmed in colony assays using nonadherent cells produced in LTC.
The study described here indicates that DC progenitors present in LTC are small, rounded cells lacking dendrites and are poorly endocytic. They are CD80 ϩ , CD86 Ϫ and may express low levels of CD11c, CD11b, FcR, or c-kit. It is likely that new markers will be needed to define the DC progenitor population produced in LTC, as well as the DC progenitor population maintained in bone marrow and perhaps other organs of animals. The presence of two developmentally linked subsets within spleen LTC represents an opportunity to study some aspects of the development of DC from progenitors within a controlled in vitro environment and in the absence of added growth factors.
